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Experimental Brain Injury Induces Regionally Distinct Apoptosis
during the Acute and Delayed Post-Traumatic Period
Alana C. Conti,1 Ramesh Raghupathi,1 John Q. Trojanowski,2 Tracy K. McIntosh1
Departments of 1Neurosurgery and 2Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania 19104
The temporal pattern of apoptosis in the adult rat brain after
lateral fluid-percussion (FP) brain injury was characterized
using terminal deoxynucleotidyl-transferase-mediated biotin-
dUTP nick end labeling (TUNEL) histochemistry and agarose
gel electrophoresis. Male Sprague Dawley rats were subjected
to brain injury and killed for histological analysis at intervals
from 12 hr to 2 months after injury (n 5 3/time point). Sham
(uninjured) controls were subjected to anesthesia with (n 5 3) or
without (n 5 3) surgery. Apoptotic TUNEL-positive cells were
defined using stringent morphological criteria including nuclear
shrinkage and fragmentation and condensation of chromatin
and cytoplasm. Double-labeled immunocytochemistry was per-
formed to identify TUNEL-positive neurons (anti-neurofilament
monoclonal antibody RM044), astrocytes (anti-glial fibrillary
acidic protein polyclonal antibody), and oligodendrocytes (anti-
cyclic nucleotide phosphohydrolase polyclonal antibody).
Compared with that seen with sham controls, in the injured
cortex, significant apoptosis occurred at 24 hr (65 6 19 cells;
p , 0.05) with a second, more pronounced response at 1 week
after injury (91 6 24 cells; p , 0.05). The number of apoptotic
cells in the white matter was increased as early as 12 hr after
injury and peaked by 1 week (33 6 6 cells; p , 0.05). An
increase in apoptotic cells was observed in the hippocampus at
48 hr (13 6 8), whereas in the thalamus, the apoptotic response
was delayed, peaking at 2 weeks after injury (151 6 71 cells;
p , 0.05). By 2 months, the number of apoptotic cells in most
regions had returned to uninjured levels. At 24 hr after injury,
TUNEL-labeled neurons and oligodendrocytes were localized
primarily to injured cortex. By 1 week after injury, populations of
TUNEL-labeled astrocytes and oligodendrocytes were present
in the injured cortex, while double-labeled neurons were
present predominantly in injured cortex and thalamus, with a
few scattered in the hippocampus. DNA agarose gels con-
firmed morphological identification of apoptosis. These data
suggest that the apoptotic response to trauma is regionally
distinct and may be involved in both acute and delayed pat-
terns of cell death.
Key words: apoptosis; traumatic brain injury; delayed cell
death; DNA fragmentation; neurodegeneration; programmed
cell death; rat; TUNEL
Various animal models have been used to characterize the be-
havioral and pathophysiological effects of traumatic brain injury
(TBI). The rat model of lateral fluid-percussion (FP) brain injury
simulates many clinically relevant sequelae of human closed-head
injury, including acute compromise of the blood–brain barrier
(Cortez et al., 1989; Soares et al., 1992; Schmidt and Grady, 1993;
Dietrich et al., 1994) and alterations in cerebral blood flow and
metabolism (Vink et al., 1987, 1988; Hovda et al., 1990; Ya-
makami and McIntosh, 1991; Yoshino et al., 1991), as well as
chronic neurological motor dysfunction and cognitive impairment
(McIntosh et al., 1989; Smith et al., 1991, 1994; Hamm et al., 1992;
Bramlett et al., 1995; Pierce et al., 1998). Recent studies attempt-
ing to evaluate the temporal pattern of regionally selective post-
traumatic cell death have shown that neuronal degeneration after
lateral FP brain injury can be detected as early as 10 min after
injury in the neocortex, thalamus, and hippocampus ipsilateral to
the injury site (Hicks et al., 1996). In addition, a progressive,
diffuse pattern of cell death and axonal injury has been observed
throughout the brain after experimental brain injury (Povlishock
et al., 1992; Dietrich et al., 1994; Gennarelli, 1994; Soares et al.,
1995; Hicks et al., 1996; Bramlett et al., 1997), which persists for
up to 1 year after injury (Smith et al., 1997). However, the
pathophysiological mechanisms underlying acute and delayed cell
death after brain trauma remain poorly understood.
Traumatically induced cell death has been suggested to be
primarily necrotic in nature (Dietrich et al., 1994; Hicks et al.,
1996) and is characterized by swelling of the nucleus and cyto-
plasmic organelles as well as by an early loss of plasma-membrane
integrity and cell lysis (Dietrich et al., 1994). Apoptosis, the
morphological manifestation of programmed cell death (PCD), is
associated with normal CNS development (Oppenheim, 1991). In
contrast to necrosis, a cell undergoing apoptosis is characterized
by uniform internucleosomal DNA fragmentation, nuclear
shrinkage, chromatin compaction as well as by cytoplasmic con-
densation and disintegration. In the later stages of apoptosis, the
cell surface membrane undergoes blebbing and breaks down into
spherical apoptotic bodies, which appear to be quickly absorbed
via phagocytosis by surrounding cells (Kerr et al., 1972; Wyllie et
al., 1980). In addition to its role in normal physiological cell death,
apoptosis has been associated with specific pathological condi-
tions in the CNS, including Alzheimer’s and Huntington’s dis-
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ease (Portera-Cailliau et al., 1995; Smale et al., 1995), cerebral
ischemia (MacManus et al., 1993, 1995; Li et al., 1995; Nitatori et
al., 1995; Du et al., 1996), and spinal cord injury (Li et al., 1996;
Crowe et al., 1997).
We have demonstrated previously that neuronal apoptosis oc-
curs acutely within the first 12–72 hr after lateral FP brain injury
using terminal deoxynucleotidyl-transferase-mediated biotin-
dUTP nick end labeling (TUNEL) histochemistry and electron
microscopy (Rink et al., 1995). These observations have been
more recently replicated by others using both cortical contusion
and lateral FP models of brain injury (Colicos and Dash, 1996;
Clark et al., 1997; Yakovlev et al., 1997). Virtually nothing is
known, however, concerning the precise temporal and spatial
patterns of apoptotic cell death and its association with delayed
cell death in the chronic post-traumatic period. Because delayed
and progressive cell death appear to be a hallmark of both
experimental (Bramlett et al., 1997; Smith et al., 1997) and
clinical closed-head injury (Groswasser-Reider et al., 1993; Gale
et al., 1995), the present study was undertaken to characterize the
temporal and regional patterns of apoptotic cell death in multiple
ipsilateral and contralateral structures up to 2 months after injury.
MATERIALS AND METHODS
Fluid-percussion injury and tissue preparation. Adult male Sprague Dawley
rats (350–400 gm; n 5 45) were anesthetized with sodium pentobarbital
(60 mg/kg, i.p.) 5 min after an injection of atropine (0.06 mg, i.m.). After
placement in a stereotactic frame, the scalp and temporal muscle were
reflected, and a 5.0 mm craniotomy was performed over the left parietal
cortex, midway between the lambda and bregma sutures. Rats in group I
(n 5 21) were subjected to experimental lateral FP injury of moderate
severity (2.4–2.6 atm) as described previously (McIntosh et al., 1989).
Briefly, a female Leur-Lok fitting is cemented to the craniotomy site,
enabling the animal to be attached to the fluid-percussion device. The
device introduces a rapid (21–23 msec) bolus of saline into the closed
cranial cavity, causing mechanical deformation of the brain. Animals in
group II (n 5 6) were subjected to either anesthesia (naive controls; n 5
3) or anesthesia and surgery without injury (sham controls; n 5 3).
Animals in group III (n 5 15) were subjected to lateral FP brain injury
of identical severity (2.4–2.6 atm) and used for DNA agarose gel elec-
trophoresis with a separate group of sham controls (group IV; n 5 3)
used as uninjured controls.
At 12 hr, 24 hr, 48 hr, 1 week, 2 weeks, 1 month, and 2 months after
injury, group I animals (n 5 3/time point) were reanesthetized with
sodium pentobarbital (200 mg/kg, i.p.) and perfused with heparinized
saline followed by 4% paraformaldehyde in phosphate buffer, pH 7.6.
Animals in group II were likewise killed at 24 hr after anesthesia and/or
surgery. All brains were post-fixed within the skull in 4% paraformalde-
hyde at 4°C for 3–4 hr after perfusion. At that time, the brains were
removed from the skull and immersed in fixative for 24 hr at 4°C. After
fixation, all brains were paraffin embedded and cut into 6 mm sections.
Brain-injured animals in group III were reanesthetized with sodium
pentobarbital (200 mg/kg, i.p.) and decapitated at 30 min, 2 hr, 15 hr, 24
hr, and 1 week after injury (n 5 3/time point) for DNA agarose gel
electrophoresis. Sham control animals in group IV were similarly killed
at 24 hr after surgery. Brains from animals in groups III and IV were
quickly removed, and the injured cortex and hippocampus were dissected
on a cold plate and snap frozen in liquid nitrogen. Tissue was stored at
280°C until used. All protocols were approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania, and
in all studies we adhered to the animal welfare guidelines set forth in the
Guide for the Care and Use of Laboratory Animals (United States Depart-
ment of Health and Human Services, Publication No. 85-23, 1985).
Histolog ical staining and quantitation of TUNEL-positive cells. TUNEL
staining was performed using previously described methods (Gavrieli et
al., 1992; Rink et al., 1995). In brief, 6 mm coronal sections at 3.6–3.8 mm
posterior to bregma were adhered to poly-L-lysine–coated slides by
heating them at 60°C for 15–20 min. After deparaffinization and rehy-
dration, the tissue was digested for 15 min in proteinase K (20 mg/ml;
Sigma, St. Louis, MO). The reaction was terminated with tap water, and
the tissue was treated with buffer A (25 mmol/ l Tris, pH 6.6, containing
200 mmol/ l potassium cacodylate and 0.25 mg/ml bovine serum albumin)
for at least 5 min. Sections were incubated at 37°C with labeling solution
containing TdT (0.3 U/ml; Boehringer Mannheim, Indianapolis, IN),
biotinylated-16-dUTP (20 mmol/ l, Boehringer Mannheim), and 1.5
mmol/ l cobalt chloride in buffer A for 1 hr in a humid chamber. The
reaction was terminated with 23 SSC (300 mM sodium chloride and 30
mM sodium citrate, pH 7.4). After washing with 0.1 M Tris, pH 7.4, the
sections were blocked with 10% goat serum in 0.1 M Tris for 15 min.
DNA was visualized by treating the tissue with a 1:40 dilution of
streptavidin-conjugated alkaline phosphatase (BioGenex, San Ramon,
CA) and was stained with fast red (Sigma Fast Red Kit; Sigma). The
tissue was washed, counterstained with hematoxylin, and mounted in an
aqueous medium. Brain tissue from an 8-d-old rat pup was used as a
positive control as described previously (Fung et al., 1995). TUNEL-
positive cells present in the cortex; the white matter, including the
fimbria, cingulum, internal and external capsules, and corpus callosum;
the hippocampus, including CA1–CA3 and the dentate gyrus and hilus;
and the thalamus of the ipsilateral and contralateral hemispheres were
examined and counted using light microscopy at 403 and under oil
immersion at 633. Cells were differentiated as being apoptotic and
nonapoptotic based on TUNEL-positive staining, together with specific
histological verification of two or more of the classic morphological
hallmarks of apoptosis including membrane blebbing, chromatin conden-
sation, nuclear shrinkage, and cytoplasm condensation and disintegra-
tion. Consequently, apoptotic cells exhibit intense nuclear staining with
blebbing and breakdown of the cell surface into spherical apoptotic
bodies. Swollen, diffusely TUNEL-stained cells not exhibiting apoptotic
morphology were considered to be nonapoptotic. Three slides per brain,
each separated by at least 42 mm, were examined in detail for the
presence of apoptotic and nonapoptotic TUNEL-positive cells. Cell
counts from the three slides were summed together according to region,
giving a representative total number of cells within each brain. An
average total cell count was then calculated from three brains at each
time point. To evaluate gross cell loss, we performed toluidine blue
staining on tissue sections adjacent to those stained with TUNEL (data
not shown).
Immunohistochemistry and TUNEL double-label studies.To identify the
type(s) of cells undergoing DNA fragmentation, we subjected 6m coronal
sections from brain-injured animals killed at 24 hr and 1 week (n 5 3
animals/time point) to TUNEL-labeling and to subsequent immunohisto-
chemical analysis for neurons [anti-neurofilament (RMO44); monoclonal;
1:50 (Pleasure et al., 1989)], astrocytes (anti-glial fibrillary acidic protein;
polyclonal; 1:100; Sigma), or oligodendrocytes [anti-cyclic nucleotide 39-
phosphohydrolase (CNP); polyclonal; 1:100 (Raible and McMorris,
1989)]. After the TUNEL procedure, sections were rinsed in 0.1 M Tris,
pH 7.0, incubated with 2% normal horse serum to block nonspecific
binding of antibodies, and incubated overnight (18–20 hr) at 4°C with the
primary antibodies described above. Sections were washed in 0.1 M Tris,
pH 7.0, and incubated at ambient temperature for 2 hr with fluorescein
isothiocyanate (FITC)-tagged donkey anti-mouse IgG (1:100; to detect
RMO44) or FITC-donkey anti-rabbit IgG (1:200; to detect anti-GFAP
and anti-CNP). Sections were washed in 0.1 M Tris, pH 7.0, coverslipped
using 1,4-diazabicyclo[2,2,2]octane. A Nikon FXA photomicroscope
equipped with epifluorescence and a FITC filter cube was used for
photomicrography. Bright-field as well as fluorescent photomicrographs
were taken using a Nikon 403 plan apochromat lens that can detect both
fluorescence and Fast Red histochemistry (Schmidt et al., 1997). A
distinct population of TUNEL-labeled cells did not stain with any of the
antibodies used, suggesting that the cell death process affected the
expression of these surface antigens. Thus, quantitation of TUNEL-
positive cells, rather than of double-labeled cells, was performed.
DNA agarose gel electrophoresis. DNA-end labeling and DNA agarose
gel electrophoresis were performed on cortical and hippocampal tissue
according to the methods described previously (Tilly and Hsueh, 1993).
Frozen tissue was homogenized in 0.3 mol/ l Tris, pH 8.0, containing 0.1
mol/ l NaCl, 0.01 mol/ l EDTA, 0.2 mol/ l sucrose, and 10% SDS and was
incubated with agitation at 68°C for 1 hr. Protein precipitation was
initiated with the addition of 8 M potassium acetate and incubation on ice
for 1 hr. The suspensions were centrifuged at 14,000 rpm at 4°C, and the
supernatants were digested with DNase-free RNase (2 mg/ml) for 1 hr at
37°C. DNA was extracted with phenol and chloroform and precipitated
with isopropanol, and the pellet was washed, dried, and dissolved in
distilled water. Purified DNA was treated with 30 U of TdT (Life
Technologies, Gaithersburg, MD), 25 mCi of [a-32P]ddATP (Amersham,
Arlington Heights, IL), and 10 ml of 53 concentrated buffer (Life
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Technologies) in a reaction volume of 50 ml and was incubated at 37°C
for 1 hr. The reaction was stopped with 2.5 ml of 0.5 mol / l EDTA, pH 8.0.
Precipitation of the labeled DNA was achieved with three volumes of
100% ethanol and 10 mol/ l ammonium acetate at 280°C for 1 hr, using
50 mg of yeast tRNA as a carrier. The suspension was centrifuged, and
the resulting pellet was dried, redissolved in 50 ml of buffer (10 mmol/ l
Tris, pH 8.0, containing 1 mmol/ l EDTA) twice, and stored at 220°C.
The DNA was fractionated on a 2% agarose gel in 40 mmol/ l Tris-
acetate, pH 8.0, containing 1 mmol/ l EDTA and was exposed to auto-
radiographic film (Kodak XAR5, Rochester, NY) for 24 hr.
Statistical analysis. Mean values of apoptotic and nonapoptotic
TUNEL-positive cells in injured brains were compared with sham mean
values using one-way ANOVA followed by a post hoc Dunnett’s test. A p
value of ,0.05 was considered to be statistically significant. All mean
values are reported with SEM.
RESULTS
Morphology of TUNEL-stained cells
Both naive and sham control brains exhibited few, if any,
TUNEL-stained cells demonstrating apoptotic morphology,
scattered randomly throughout regions of the cortex, white
matter, hippocampus, and thalamus in both hemispheres of
control brains. Lateral FP brain injury resulted in markedly
increased numbers of TUNEL-stained cells in all regions of
the injured hemisphere examined, with little to no change in
the hemisphere contralateral to the injured side. Analysis of
TUNEL histochemistry revealed two populations of stained
cells in the traumatically injured brain. One population of
TUNEL-positive cells (type II) were intensely stained, round,
and shrunken and exhibited morphological features of apopto-
sis cells such as condensed nuclei (Fig. 1 A, B). These cells
appeared to be morphologically similar to those seen in devel-
oping (8-d-old) rat brain, suggestive of the apoptotic nature of
traumatic cell death. However, the other population (nonapop-
totic or type I) of TUNEL-labeled cells exhibited diffuse,
uneven cytoplasmic staining, lacked nuclear condensation and
fragmentation, and on occasion appeared neuron-like (Fig.
1C,D). Interestingly, no differences were observed in the mor-
phology of apoptotic cells seen in the different regions at the
various time points studied after injury. Thus, TUNEL-
stained, apoptotic cells in the injured cortex at 24 hr (Fig. 1 A)
exhibited similar morphological features to those observed in
the injured thalamus at 2 weeks after injury (Fig. 1B). Figure
2 shows the temporal progression of apoptotic cell death from
injured cortex through deeper structures such as the hippocam-
pus and white matter and into thalamic nuclei over time.
Cortex
Analysis of the cortical hemisphere ipsilateral to the impact site
revealed intense TUNEL-labeled apoptotic cells primarily in the
injured parietal and temporal cortices (Figs. 2, 3A; p , 0.001
using ANOVA). By 24 hr after injury, the number of TUNEL-
positive apoptotic cells was found to be significantly increased
when compared with those in sham animals ( p , 0.05). Although
the number of apoptotic cells appeared to decline by 48 hr after
injury, a second increase in apoptotic cells was observed in the
injured cortex, peaking by 1 week after injury ( p , 0.05 com-
pared with sham). TUNEL-positive apoptotic cells were ob-
served even at 2 weeks and 1 month after injury, but by 2 months
the number of apoptotic cells had reached sham levels in all
cortical regions.
White matter
Analysis of regional white matter tracts, including the internal
and external capsules, fimbria, corpus callosum, and cingulum,
demonstrated a marked increase in TUNEL-positive apoptotic
cells as early as 12 hr after injury ( p , 0.05 using ANOVA).
Fewer TUNEL-positive apoptotic cells were observed in white
matter than in the overlying injured cortex in the acute period
after injury. At all time points, the majority of apoptotic cells
were observed in the internal and external capsules and fimbria
ipsilateral to the injury site (Fig. 2). Although the number of
apoptotic cells appeared not to change between 12 hr and 1
month after injury, a significant peak was noted at 1 week (Fig.
3B; p , 0.05 compared with sham). By 2 months after injury, the
number of apoptotic cells had returned to sham (uninjured)
values.
Figure 1. Photomicrographs illustrating
type II apoptotic cells (A, B) and type I
nonapoptotic cells (C, D) in the rat brain
after lateral FP brain injury of moderate
severity. Sections were counterstained
with hematoxylin. A, B, Apoptotic cells
were identified based on the rounded,
shrunken nature of the cytoplasm and nu-
cleus and on the intense staining of the
nucleus. Note the similar intense TUNEL
reactivity and morphological characteris-
tics in apoptotic cells in the injured cortex
at 24 hr after injury (A) and in injured
thalamus at 2 weeks after injury (B). C,
D, Type I nonapoptotic cells were char-
acterized by diffuse TUNEL reactivity,
uneven staining in the cytoplasm, and a
lack of shrunken cytoplasm. C illustrates a
nonapoptotic cell in the cortex at 12 hr
after injury, whereas D illustrates a typi-
cal type I TUNEL-stained cell (white ar-
row) in the thalamus at 1 week after in-
jury. Note the neuron-like appearance
and cytoplasmic TUNEL stain of cells in
D and a relatively normal-appearing neu-
ron stained with hematoxylin (D, black
arrow). Scale bar, 50 mm.
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Hippocampus
Compared with the cell counts in other brain structures, quanti-
tation of apoptotic cells in the hippocampal CA1–CA3 regions
and dentate hilus and gyrus revealed that these regions showed
the least marked apoptotic response to injury with respect to the
absolute number of TUNEL-positive cells (Figs. 2, 3C). A prom-
inent apoptotic response to injury in hippocampus was observed
at 12 hr after injury. Although a secondary peak of apoptosis was
observed by 48 hr, these differences were not statistically signifi-
cant when compared with sham controls. The number of apopto-
tic cells returned to sham levels by 1 month after injury (Fig. 3C).
Interestingly, apoptotic cells were not localized to a particular
region but were randomly scattered throughout the hippocampal
structures.
Thalamus
TUNEL-positive cells exhibiting apoptotic morphology re-
mained at sham levels in the thalamus until 1 week after injury,
when a slight and gradual increase was observed, which continued
up to 4 weeks after injury (Fig. 3D). However, a dramatic and
delayed increase in the number of apoptotic cells was observed by
2 weeks after injury in the ventroposterior medial (VPM) and
lateral (VPL) thalamic nuclei (Figs. 2, 3D; p , 0.05 compared
with sham controls). The number of apoptotic cells began to
decline by 1 month after injury, reaching sham levels by 2 months.
Immunohistochemical analysis of TUNEL-labeled cells
Double-labeling experiments combining TUNEL and immuno-
histochemistry revealed a mixture of TUNEL-labeled neurons
(Fig. 4A) and oligodendrocytes (Fig. 4D) primarily localized to
the injured cortex at 24 hr after injury. By 1 week after injury, a
population of TUNEL-positive astrocytes were first observed in
the injured cortex (Fig. 4C) together with double-labeled neurons
(Fig. 4B) and oligodendrocytes (Fig. 4D). Double-labeled neu-
rons were also present in the thalamus by 1 week after injury. The
few double-labeled cells observed in the hippocampus at 24 hr
and 1 week after injury were immunopositive for neurofilament
(RM044) and TUNEL and were classified as neurons. Immuno-
histochemical labeling in the white matter was predominantly
restricted to oligodendrocytes staining positive for CNP, but
staining was diffuse and not localized to nuclei or processes;
neuronal staining was not detected in white matter. No apparent
changes occurred in the proportion of the specific populations of
cells showing in situ nick end labeling during the first 7 d after
injury. Chromatin condensation, consistent with apoptosis, was
detected in neurons (Fig. 4B) and astrocytes (Fig. 4C). Adjacent
sections not subjected to the TUNEL procedure exhibited immu-
noreactive profiles identical to that of sections that were TUNEL-
stained previously, suggesting that the TUNEL protocol did not
affect the immunoreactivity of the cellular antigens used.
DNA agarose gel electrophoresis
To validate analysis of TUNEL histochemistry, we fractionated
DNA from cortical and hippocampal tissue at 30 min, 2 hr, 15 hr,
24 hr, and 1 week after injury on a 2% agarose gel (Fig. 5).
Uniform DNA fragmentation [180–200 base pairs (bp)] associ-
ated with apoptosis was observed as early as 30 min in the injured
cortex (Fig. 5A). These bands appeared to intensify with time,
reaching a maximum at 24 hr after injury, with evidence of
uniform DNA fragmentation persisting until 1 week after injury.
The injured hippocampus showed slight evidence of DNA band-
ing at 2 hr after injury, with maximal DNA banding at 15 hr after
injury; however, uniform DNA fragmentation was not observed
beyond 24 hr after injury (Fig. 5B). No DNA banding was de-
tected in naive control brains or in the hemisphere contralateral
to the injury (data not shown).
Quantitation of nonapoptotic cells
In the parietal and temporal cortices, TUNEL-positive cells not
exhibiting apoptotic morphology (type I) were observed at 12 hr
Figure 2. Schematic of TUNEL-stained sections of the rat brain 24 hr, 1
week, and 2 weeks after injury illustrating the regional distribution of
apoptotic cells. Initially, apoptotic cells were observed primarily in the
injured cortex at 24 hr after injury and over time were detected in internal
structures, such as the thalamus and hippocampus. Each filled circle (F)
represents five TUNEL-positive cells exhibiting apoptotic morphology.
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after brain injury with the maximal number of cells at 24 hr after
injury ( p , 0.05 compared with sham), declining gradually to
sham levels by 1 month after injury (Fig. 6A). An increase in
TUNEL-positive, nonapoptotic cells was observed in white mat-
ter structures between 24 and 48 hr after injury (Fig. 6B), par-
ticularly in the internal and external capsules and fimbria. By 1
week, however, few nonapoptotic, TUNEL-positive cells were
detected, with the number of cells reducing to sham levels by 2
months after injury. Nonsignificant increases in the number of
TUNEL-positive, nonapoptotic cells were observed in injured
hippocampus at both 12 and 48 hr after injury (Fig. 6C). In the
injured thalamus (Fig. 6D), a peak in the number of nonapo-
ptotic, TUNEL-stained cells was observed at 12 hr ( p , 0.05
compared with sham), with a second broader, nonsignificant peak
between 48 hr and 1 month after injury. The number of nonapop-
totic, TUNEL-positive cells eventually reached sham levels by 2
months after injury.
DISCUSSION
Experimental brain injury induced regionally distinct patterns of
apoptotic cell death in the brain during both the acute and
chronic period after injury. In the injured cortex, a biphasic
pattern of apoptosis was observed, which included both an acute
and a second, delayed increase in TUNEL-positive apoptotic
cells at 24 hr and 1 week, respectively. The peak in apoptotic cell
death in subcortical white matter was observed at 1 week after
injury. Few apoptotic cells were observed in the thalamus during
the acute post-traumatic period, although a massive and delayed
increase in apoptosis was observed by 2 weeks after injury. By 2
months after injury, the number of apoptotic cells in all structures
returned to sham levels. DNA agarose gel electrophoresis re-
vealed that acute and delayed uniform DNA fragmentation into
180–200 bp fragments occurred in the injured cortex and hip-
pocampus, confirming the presence of apoptosis. Because DNA
laddering represented DNA fragmentation in the entire injured
Figure 3. Quantitation of TUNEL-positive cells exhibiting apoptotic morphology in the rat brain after lateral FP injury of moderate severity (2.4–2.6
atm) or sham surgery (n 5 3/time point). A, Cortex. Average number of apoptotic cells in the cortex peaked at 24 hr, with a second, delayed peak at 1
week after injury. B, White matter. Average number of apoptotic cells in the subcortical white matter, comprising the internal and external capsule,
fimbria, corpus callosum, and cingulum, peaked at 1 week after injury. C, Hippocampus. Average number of apoptotic cells in the hippocampus,
comprising the CA1–CA3, dentate hilus, and gyrus regions, peaked at 48 hr after injury. D, Thalamus. Average number of apoptotic cells in the thalamus
peaked at 2 weeks after injury. By 2 months, apoptotic cells in all regions was similar to that found in sham control brains. Open bars represent the
ipsilateral hemisphere; shaded bars represent the contralateral hemisphere; * p , 0.05 when compared with sham. Average number of cells was
determined as described in Materials and Methods. Error bars represent SEM.
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cortex whereas TUNEL-labeling was performed in specific coro-
nal sections, the sample size used for the gels was larger, and
therefore discrepancies may occur in the intensity of DNA frag-
mentation as characterized by agarose gel electrophoresis versus
TUNEL immunohistochemistry. Moreover, although TUNEL
staining in situ identified local appearances of DNA fragmenta-
tion, agarose gels provided information regarding the presence of
DNA damage associated with apoptosis. To our knowledge, these
data are the first to document both biphasic and prolonged
apoptosis after experimental brain injury, suggesting delayed
apoptosis can occur during the chronic post-traumatic period in
selected brain regions. These data also suggest that DNA frag-
mentation may occur initially at the injury site in the cortex, with
progression into deeper subcortical structures over time.
Compared with the number of apoptotic cells, a markedly
higher number of TUNEL-positive, nonapoptotic cells was ob-
served in the injured brain. In the majority of brain regions
(cortex, hippocampus, and thalamus), the increase in the numbers
of TUNEL-positive nonapoptotic cells appeared to precede
those of TUNEL-positive apoptotic cells, suggesting that
Figure 4. Representative photomicro-
graphs illustrating TUNEL-labeled neu-
rons (A, B), astrocytes (C), and oligo-
dendrocytes (D) in the injured cortex.
Neurons were observed at 24 hr ( A) and
1 week ( B) after injury, whereas GFAP-
positive astrocytes were observed pre-
dominantly at 1 week (C) after injury.
CNPase-labeled oligodendrocytes (D)
were observed at 24 hr after injury. Ar-
rows indicate TUNEL-positive nuclei,
and arrowheads indicate staining in cell
bodies. Tissue sections were subjected to
the TUNEL procedure followed by im-
munohistochemistry as described in Ma-
terials and Methods. Scale bar, 50 mm.
Figure 5. Representation of internu-
cleosomal DNA fragmentation at 30
min (lane 3), 2 hr (lane 4 ), 15 hr (lane 5),
24 hr (lane 6 ), and 1 week (lane 7 ) after
injury in the cortex ( A) and hippocam-
pus ( B). DNA fragments in 180–200 bp
intervals were detected in injured tissue
but not in sham tissue (lane 2). Molec-
ular weight standards are shown in lane
1 of each gel with molecular weight
markers illustrated.
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TUNEL-labeled cells with fragmented DNA may eventually
progress into morphologically distinct apoptotic cells. It has been
suggested that the different morphologies may reflect different
stages of the same death process (Wilcox et al., 1995). However,
it is equally possible that the range of morphologies observed
here may be indicative of simultaneously activated apoptotic and
necrotic processes (Portera-Cailliau et al., 1997).
The pattern of DNA fragmentation and apoptotic cell death as
illustrated in Figure 2 correlates both regionally and temporally
with patterns of neuronal injury after experimental brain injury in
the rat (Dietrich et al., 1994; Rink et al., 1995; Hicks et al., 1996).
During the first 10 min to 2 hr after injury, both acid fuchsin-
stained and silver degeneration-stained neurons have been ob-
served in structures in the injured hemisphere (Dietrich et al.,
1994; Hicks et al., 1996). By 24 hr, these neurons are shrunken
and show evidence of advanced degradation (Povlishock et al.,
1992; Dietrich et al., 1994). Because our data demonstrate abun-
dant DNA fragmentation occurring in the injured cortex by 24 hr,
it is likely that a subpopulation of cells is experiencing irregular
DNA fragmentation associated with necrosis. However, the
prominent DNA “laddering” observed using agarose gel electro-
phoresis at 2 and 15 hr after injury suggests that a component of
this acute cell death may also be apoptotic.
Using a contusion model of spinal cord injury in the rat, Crowe
et al. (1997) recently reported the presence of apoptotic neurons
and oligodendrocytes in the spinal cord within 6 hr after injury.
Interestingly, the number of apoptotic cells was significantly in-
creased in areas radiating progressively outward in both direc-
tions from the site of spinal cord contusion for up to 8 d after
injury, suggesting that apoptotic cell death occurred over a de-
layed period in regions increasingly distal to the site of injury.
Likewise, in another model of spinal cord compression injury,
marked apoptosis of oligodendrocytes and astrocytes was ob-
served at 4 and 9 d after contusion in the region both cranial
and caudal to the injury site, suggesting that the selective vulner-
ability of glial cells was related to delayed apoptotic mechanisms
Figure 6. Quantitation of TUNEL-positive, nonapoptotic cells in the rat brain after lateral FP injury of moderate severity. Nonapoptotic cells were
identified based on diffuse, uneven TUNEL staining in the nucleus and cytoplasm with little to no cellular shrinkage. A, Cortex. Average number of
nonapoptotic cells peaked at 24 hr after injury. B, White matter. Average number of nonapoptotic cells peaked between 24 and 48 hr after injury. C,
Hippocampus. Average number of TUNEL-positive, nonapoptotic cells in the injured hippocampus increased slightly (nonsignificantly) at 12 and 48 hr
after injury. D, Thalamus. Average number of TUNEL-positive, nonapoptotic cells in the injured thalamus revealed a biphasic response, with a
significant peak at 12 hr and a second broader, nonsignificant peak between 48 hr and 1 month after injury. By 2 months after injury, the number of
nonapoptotic TUNEL-positive cells had reached sham levels in all regions. * p , 0.05 when compared with sham. Average number of cells was
determined as described in Materials and Methods. Error bars represent SEM.
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(Li et al., 1996). These results closely parallel those observed in
the present study after traumatic brain injury. By 24 hr after
injury, in addition to oligodendrocytes, we observed DNA frag-
mentation (TUNEL-labeling) in neurons localized primarily in
the injured cortex. Interestingly, TUNEL-positive, nonapoptotic
cells observed in the chronic post-traumatic period (up to 1
month) exhibited distinct neuronal morphology, suggestive of an
ongoing degenerative process. By 1 week after injury, populations
of TUNEL-labeled astrocytes began to appear in the injured
cortex, together with double-labeled neurons and oligodendro-
cytes with a few scattered neurons in the hippocampus. TUNEL-
positive neurons were also observed in the thalamus beginning 1
week after injury. Our results replicate and extend the findings of
earlier reports indicating that both DNA fragmentation and dys-
trophic/apoptotic neurons can be detected in injured cortex and
hippocampus after experimental weight drop (Pravdenkova et al.,
1996), cortical contusion (Colicos and Dash, 1996), and lateral FP
brain injury (Rink et al., 1995) and support the recent observa-
tions of Yakovlev et al. (1997) that TUNEL-positive neurons
(labeled with the NeuN antibody) can be observed in injured
cortex at 24 and 72 hr after lateral FP brain injury. Our results
further extend these observations regionally and temporally and
suggest also that populations of astrocytes and oligodendrocytes
also show DNA fragmentation after brain trauma.
In the present study, a distinct population of TUNEL-positive
cells did not stain with any of the antibodies used, suggesting that
the cell death process affected the expression of various surface
antigens. Alternatively, these cells may represent a population of
macrophage or microglial cells undergoing apoptosis. However, a
recent study by Shuman et al. (1997) has reported that many cells
exhibiting apoptotic profiles after traumatic spinal cord injury did
not label with immunoreactive markers for microglia/macro-
phages but rather double-labeled with markers for oligodendro-
cytes. However, these authors also observed a small population of
OX42-immunopositive cells containing apoptotic bodies and
suggested that some microglial cells may undergo apoptosis
or may simply be in the process of phagocytizing apoptotic
oligodendrocytes.
The robust increase in apoptotic cells in the thalamus begin-
ning 2 weeks after injury and extending for up to 1 month after
injury suggests that this region undergoes delayed and persistent
apoptosis after brain injury. Furthermore, TUNEL labeling was
observed at the chronic time points in cells that appeared neuron-
like, suggestive of an ongoing degenerative process. The thalamus
appears to be particularly vulnerable to focal injury induced in
the cerebral cortex, as axonal projections from the thalamus may
undergo retrograde damage (Iizuka et al., 1990; Pierce et al.,
1995b; Hicks et al., 1996). Importantly, specific thalamocortical
projections exist between the VPL/VPM thalamic nuclei (Paxi-
nos, 1985) (where delayed apoptosis was observed) and the re-
gions of the temporoparietal cortex that show characteristic and
reproducible neurodegeneration in this and other models of ex-
perimental brain injury. This delayed post-traumatic apoptosis
observed in the thalamus may be associated with activation of
calpain (Squire et al., 1994), and, in fact, evidence of post-
traumatic delayed calpain activation in the medial geniculate
nucleus and the ventroposterior and laterodorsal thalamic nuclei
has been shown to occur only after 1 week after injury (Saatman
et al., 1996).
Both apoptotic and necrotic cell death has been reported in
brains of Huntington’s disease patients (Portera-Cailliau et al.,
1995) and in the hippocampal region of Alzheimer’s disease
patients (Smale et al., 1995). Regional apoptotic cell death has
been observed in the acute and chronic period in models of
permanent or transient cerebral ischemia (MacManus et al., 1993;
Li et al., 1995). After focal cerebral ischemia in mice, selectively
vulnerable neurons within the inner boundary zone of the infarct
exhibited DNA fragmentation with necrotic and apoptotic mor-
phologies (Li et al., 1995). Likewise, by the use of gel electro-
phoresis and in situ end labeling, apoptosis was observed in
hippocampal CA1–CA2 and striatal neurons after global isch-
emia in the rat (MacManus et al., 1993). Recently, an investiga-
tion of the progression of apoptotic cell death 3 d after mild focal
ischemia in rats suggested a role for delayed apoptosis in the
postischemic period (Du et al., 1996).
The molecular and cellular mechanism(s) underlying the in-
duction of apoptotic cell death remains to be elucidated. Calcium
ion influx has been shown to occur in the injured CNS (Young,
1992; Fineman et al., 1993). This ion influx has been suggested to
activate Ca12- and Mg12-dependent endonucleases responsible
for DNA fragmentation preceding apoptosis (Giannakis et al.,
1991). Acute activation of both non-NMDA and NMDA recep-
tors has been associated with neuronal vulnerability after brain
trauma (McIntosh et al., 1990; Hayes et al., 1992; Toulmond et al.,
1993; Hicks et al., 1994) and may participate in the progression of
apoptosis in the injured hemisphere.
Expression of known genetic regulators of apoptosis, such as
bcl-2 and bax, has been correlated with the temporal distribution
of postischemic cell loss or survival (Gillardon et al., 1996). After
global ischemia in the rat, immunostaining revealed an increase
in regional levels of bax with a concurrent decrease in bcl-2 in the
CA1 region of the hippocampus (Krajewski et al., 1996), whereas
expression of bcl-2 has been shown to increase in the cortex after
focal ischemia (Chen et al., 1995). Lateral FP brain injury in the
rat has been shown to induce a loss of bcl-2 immunoreactivity in
the injured parietotemporal cortex and hippocampus, which pre-
cedes neuronal cell loss (Raghupathi and McIntosh, 1995),
whereas Clark et al. (1997) reported that bcl-2 immunoreactivity
was increased in surviving neurons but was not present in
TUNEL-positive cells after cortical impact injury in the rat.
Yakovlev et al. (1997) have recently shown that gene expression
for both caspase-1 and caspase-3 were increased in injured cortex
at 24 hr after FP brain injury, implicating these proteases in
neuronal apoptosis induced by TBI. Interestingly, the increase in
caspase-3 expression in the injured cortex is temporally corre-
lated with the peak of apoptotic cells observed in the cortex in the
present study. In addition, inducible transcription factors, such as
c-jun, which are upregulated after traumatic CNS injury (Dra-
gunow et al., 1993; Raghupathi and McIntosh, 1996), may con-
tribute to the progression of apoptosis. These data suggest that
the post-traumatic altered expression of specific genes may stim-
ulate a programmed cell death cascade resulting in apoptosis.
Disruption of the trophic factor milieu may also contribute to
the delayed post-traumatic cell death observed in the rat brain.
After weight drop and controlled cortical contusion models of
brain injury, at 3 and 7 d after injury, respectively, levels of NGF
protein increased markedly in the injured cortical region (DeKo-
sky et al., 1994). Despite the potentially regional protective effects
of increased NGF levels, a concurrent decrease in NGF-receptor
immunoreactivity has been documented after brain injury (Leo-
nard et al., 1994), suggesting that endogenous levels of NGF after
trauma may be insufficient to halt cellular suicide pathways in-
duced by withdrawal of trophic factors. To this end, previous
studies have shown that treatment with NGF after a traumatic
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brain injury can attenuate regional apoptotic cell death in the
septum (Sinson et al., 1997). Future studies are needed to deter-
mine whether apoptosis plays a deleterious or, in fact, an adaptive
role in the histopathological events after brain injury. It is hoped
that with this knowledge, more focused therapies could be devel-
oped and implemented in the treatment of neuronal cell death
associated with traumatic brain injury.
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